Abstract Single molecule fluorescent microscopy is a method for the analysis of the dynamics of biological macromolecules by detecting the fluorescence signal produced by fluorophores associated with the macromolecule. Two fluorophores located in a close proximity may result in Förster resonance energy transfer (FRET), which can be detected at the single molecule level and the efficiency of energy transfer calculated. In most cases, the experimentally observed distribution of FRET efficiency exhibits a significant width corresponding to 0.07-0.2 (on a scale of 0-1).
Introduction
The dynamics of biological macromolecules, including DNA, RNA and proteins, play a role in all cellular processes. A sensitive tool for monitoring the assembly of macromolecules and their kinetics is fluorescence microscopy, by virtue of imaging the dynamics of fluorescent dyes attached to the molecules of interest. Recently, fluorescent imaging techniques have been developed for individual molecules, allowing the monitoring of molecular interactions at the single molecule level (Blanchard et al. 2004; Coban et al. 2006; Deniz et al. 1999; Dietrich et al. 2002; Friedman et al. 2006; Gell et al. 2006; Ha 2001 Ha , 2004 Merchant et al. 2007; Murphy et al. 2004; Myong et al. 2006; Rueda et al. 2004; Yasuda et al. 2003) . These new techniques provide unique information about the natural heterogeneity (structural and dynamics) of individual macromolecules, and allow the analysis of interactions between the molecules, the dynamics of complex formation, determination of the stoichiometry of the complex and calculation of the spatial distance between specific molecules in a complex.
The spatial distance between two molecules within a single complex, or more exactly the distance between two fluorophores, can be calculated by determining the positions for each fluorophore upon specific excitation of each. Under appropriate conditions, the fluorophores can be located with an accuracy of 1 nm (Churchman et al. 2005 ; Thompson et al. 2002; Yildiz and Selvin 2005) , thus allowing reliable measurements of inter-dye distances usually in the range of 10-40 nm (i.e., a co-localization technique). When two dyes come into a closer proximity (less than 10 nm) and the donor emission spectra overlaps with the acceptor absorption spectra, a fraction of donorexcited energy may be transferred to an acceptor via Electronic supplementary material The online version of this article (doi:10.1007/s00249-008-0383-z) contains supplementary material, which is available to authorized users.
dipole-dipole interactions (Förster resonance energy transfer, FRET) leading to fluorescence of the acceptor (FRET imaging) without direct excitation of the latter. Since the rate of energy transfer has a very strong dependence on the distance between the dyes, i.e.,
FRET is a very sensitive tool for determining distances, usually in the range of 2-8 nm.
Single molecule FRET has been applied to a number of macromolecules, e.g., DNA, RNA, proteins and their complexes, providing unique information about the structure and dynamics of macromolecules and of the complexes that is unattainable from bulk measurements. In many cases, the information about inter-dye distance is extracted from FRET efficiency histograms which are often approximated by a Gaussian function (Agrawal et al. 2008; Coban et al. 2006; Deniz et al. 1999; Dietrich et al. 2002; Ha 2001; Iqbal et al. 2008a ; Kapanidis et al. 2004; Koopmans et al. 2007 ; Kuzmenkina et al. 2006; Lee et al. 2005; Merchant et al. 2007; Murphy et al. 2004; Nir et al. 2006; Sabanayagam et al. 2005; Schuler et al. 2005; Sugawa et al. 2007; Yildiz and Selvin 2005; Yim et al. 2005; Zhang et al. 2007 ). The apparent width of thus extracted histograms is usually in the range of 0.07-0.2 (on a scale of 0-1) and often ascribed to variations of the interdye distance (Coban et al. 2006; Dietrich et al. 2002; Merchant et al. 2007; Schuler et al. 2005; Sugawa et al. 2007 ). Here we describe an approach to discern the contributions of various factors to the apparent width of FRET distribution, showing that photon shot noise and modulations of orientation factor due to helix flexibilities are the main sources for the experimentally observed width of the FRET distribution.
Materials and methods

Preparation of DNA/RNA duplex Oligonucleotides
Cy3-5 0 -ACCUGCAGGCAUGCA-3 0 (2 0 OMe bases) and Cy5-5 0 -TGCATGCCTGCAGGT-3 0 -biotin (DNA bases) were obtained from Eurogentec, Belgium. Briefly, oligonucleotides were synthesized using phosphoramidite chemistry. Cy3, Cy5 and biotin (Glen Research reagents) were coupled via hexanediol spacer C6. The samples were PAGE purified, electroeluted, desalted and lyophilized. Lyophilized samples were reconstituted in 10 mM Tris-HCl, 0.1 mM Na 3 EDTA, pH 8.0. To prepare DNA/RNA duplex a mixture containing both oligonucleotides (*1 lM each) in a buffer A (10 mM Hepes, pH 8.0, 100 mM NaCl) was heated at 80°C for 5-10 min, then slowly cooled down to 50°C (*1.5 h), and finally placed on ice for 1.5-2 h. The absence of non-annealed oligonucleotides was checked by agarose gel (2%, TAE buffer) electrophoresis using a PhosphorImager 9400 (Typhoon, GE Healthcare) as the imaging device.
Preparation of the sample for single molecule detection To detect the fluorescence signal from the sample we used a flow chamber built between a glass cover slip (0.1 mm) and quartz slide (1 mm) separated by a spacer (0.1 mm) as described (Conibear and Bagshaw 2000) . The quartz surface was modified by PEG/PEG-biotin treatment as described (Ha et al. 2002) . Then 25 ll, of streptavidin solution at 0.1 mg/ml in PBS (8 mM Na 2 HPO 4 , 1 mM KH 2 PO 4 , 2.7 mM KCl, 137 mM NaCl, pH 7.4) was injected into the fluid chamber for 5-10 min, after when the chamber was flushed with PBS buffer. 25-30 ll of the DNA/RNA duplex was diluted into buffer A to a final concentration 5-20 pM and injected into the chamber. After 5-10 min, when a sufficient number of fluorescent spots could be imaged on both halves of the camera chip, the chamber was flushed with 25-50 ll with PBS and finally was rinsed with scavenger buffer (Ha et al. 2002) .
Detection of fluorescence signals
Single molecule experiments were performed using a custom-built prism-based total internal fluorescence microscope (Conibear and Bagshaw 2000) , using a 532 nm laser (Suwtech 50 mW DPSS, sp3plus, Tunbridge Wells, Kent UK) for excitation with an incident power (at the prism) of *100 W/cm 2 (corresponding to *3 9 10 16 photons/s or *2.5 9 10 4 photons/Å 2 s, illumination area is *10 4 lm 2 ) throughout the experiments. Fluorescence emission was collected by a 639 1.2 NA Zeiss C-apochromat water immersion lens, split by a dichroic mirror (645 DRLP, Omega) and projected onto two halves of the detector chip (iXon DV887 emCCD camera, Andor Technology, UK) through emission filters specific for Cy3 and Cy5 chromophores (580 DF30 and 670 DF40, Omega, respectively) using a home-built beam splitter. The acquisition rate was 100 or 900 ms per frame. The camera conversion factor (counts/photon) was determined by fitting of the probability density function of the camera count numbers as described (Ulbrich and Isacoff 2007) and found to be *7.5. The spatial resolution of the microscope was *130 nm/pixel in the imaging plane.
Ensemble fluorescence spectra and steady-state anisotropies were measured on an SLM 8000 spectrofluorimeter (Amino, Urbana, IL, USA).
Data processing
For each time series, an accumulated image was calculated to identify co-localized spots exhibiting FRET from the comparison of both halves of the accumulated image. Since the apparent width of the spots (FWHM of the fitted Gaussian) is *3 pixels, an area 10 9 10 pixels was selected for the calculation of time series intensities. The raw signals for donor, F D , and acceptor, F A , were corrected for the corresponding background resulting in I D and I A signals, respectively. The mean values for background I bg , D and I bg , A , were calculated from the corresponding Gaussian fits. The mean values for donor and acceptor intensities were also calculated from the corresponding Gaussian fits (where indicated). We used two approaches for the calculation of FRET efficiency. First, FRET was calculated from the reduction in donor fluorescence during energy transfer as follows
where I D is the donor intensity during FRET and\I D,noFRET [ is the mean intensity of the donor after acceptor bleaching. The FRET histogram extracted from time traces was approximated by a Gaussian to yield the mean values for FRET and its dispersion. Since I D signal is weak when FRET occurs, thus calculated FRET histogram is usually broader in comparison to the one calculated using another approach (see below), although the mean values are very similar. Another approach for the calculation of FRET efficiency is based on simultaneous measuring of fluorescence of acceptor (due to FRET) and donor. This needs measurements of the leakage of donor signal into acceptor channel, x, and a correction factor, c, accounting for the difference in quantum yields of donor and acceptor, together with detection efficiencies of the microscope for donor and acceptor signals (Kapanidis and Weiss 2002; Lee et al. 2005) . The leakage factor was calculated as
The corresponding histogram has a Gaussian-like shape thus allowing estimation of the mean of x, \x[, from the Gaussian fit. For the given microscope setup and the Cy3-Cy5 pair,\x[was 0.18. The leakage factor was consistent for all the molecules and served as an additional control for choosing the time interval corresponding to the total acceptor bleaching. The c factor is defined as
The cumulated histograms for c showed a broad distribution which is significantly skewed for small rates of photon flux; however, it became Gaussian-like for larger acquisition rates. Experimentally, c is determined as
for each molecule. Having calculated \x[ and \c[, the FRET efficiency distribution was calculated as
Since the FRET distribution can be approximated by a Gaussian (Gopich and Szabo 2005), the mean FRET efficiency and its dispersion were extracted from the corresponding Gaussian fit and used for the analysis.
We note that the goodness of the Gaussian fit used for calculating the mean values (I bg,A , I bg,D , I A , I D , c, x) was checked by a reduced v 2 and in most cases was within 5% of the significance level.
Simulation of photon shot noise
Shot noise due to photon statistics was simulated using procedures described (Antonik et al. 2006; Gopich and Szabo 2005; Nir et al. 2006) . Briefly, we selected the number of photons corresponding to the sum of those detected in both channels for either acquisition rate, i.e., 25 or 225 photons on average. The number of photons that can be detected, for instance, in a donor channel was calculated using a binomial distribution and the apparent FRET efficiency, e, as described (Antonik et al. 2006, formulae 3, 4 and 8) . Therefore, the number of photons detected in an acceptor channel is equal to the difference between the total number of photons and those detected in a donor channel. The number of photoelectrons and the corresponding noise were calculated using a gain factor together with an additional noise factor. Camera off-set noise (for each half of the imaging chip) was generated and added to the simulated signals. The conventional FRET efficiency, E, that is experimentally measured, was calculated as proposed (Antonik et al. 2006 )
where c and x stand for the correction and the leakage factors, respectively (see above). The variance of the total number of photons (around the mean) together with the variance of the photons detected in either channel and camera noise lead to dispersion in the FRET histogram. Finally, the FRET histogram so obtained was fitted with a Gaussian providing the mean of FRET and its dispersion. Adjusting the parameters e and c (x was set to 0.18) allowed matching of the average number photons detected Eur Biophys J (2009) 38:395-405 397 in both channels and the mean value of FRET obtained experimentally and from simulation experiments. Photon shot noise (detected as photoelectrons) in a strict sense is not constant across the 10 9 10 pixel area used for the experimental calculation of spot intensity, but it differs for each pixel, (i, j), where i, j = 1, 2,…,10. The variance of noise for any pixel, r i,j , is equal to
(http://www.andor.com) where G is the gain factor of the camera, F is the noise factor, D QE is the quantum efficiency of the detector, n i,j is the number of incident photons that hit (i, j) pixel, r dark accounts for the dark current noise, r cic accounts for the clock induced charge noise and r readout accounts for the readout noise. However, as we count the total number of photons, N, per analyzed area, i.e., N ¼ P 10 i;j¼1 n i;j ; the variance of the total noise will be the sum of variances for each pixel. It means that r
where S is the size of the analyzed area. Since D QE is close to unity, the above formula can be reduced to r
where A is a constant. The parameters G and A are determined experimentally, and the parameter F is equal to two as described by the manufacturer. Together, it means that for the simulation of the total noise, i.e, fluctuations of photoelectrons, we need to know the total number of incident photons per spot (or analyzed area) only.
Results
Typical time trajectories for the fluorescence signals produced by donor (Cy3) and acceptor (Cy5) attached to the ends of DNA/RNA duplex (see Fig. 1 ) upon excitation with the 532 nm laser are shown in Fig. 2 . Three regions are clearly discernible, corresponding to FRET (region ab), bleaching of Cy5 (region b-c) and bleaching of Cy3 (region c-d). Both signals exhibit fluctuations with time. In the absence of FRET, there is no correlation between donor and acceptor signals. In contrast, when FRET occurs, donor and acceptor signals exhibit a weak (*0.3) cross-correlation for zero lags (not shown). FRET histograms extracted from the measurements at 100 and 900 ms acquisition rates (E 2 , see formula 5 ''Materials and methods'') are shown in Fig. 3 . The mean FRET efficiency (as determined form the Gaussian fit) is very similar for both acquisition rates, i.e., close to 0.58. However, at 100 ms acquisition rate (*25 photons/spot/frame on average) the distribution is wide with an apparent width (standard deviation, SD, of the Gaussian fit) of *0.205, whereas at 900 ms acquisition rate (*225 photons/spot/frame) the distribution is narrow with apparent width (SD) of *0.10. Due to the small photon flux, i.e., low signal-to-noise ratio and camera noise, the apparent FRET efficiency can exceed the theoretical limit of one. The c histograms for both acquisition rates are given in Fig. 3a (inset) and 3b (inset), showing broad distributions ranging from *0.5 to *5 and centred around 1-1.5.
In order to understand the nature of width of FRET distribution, we analyzed the following factors which potentially contribute to the phenomenon, namely, (1) variation of the geometry of the DNA/RNA helix leading to modulations of inter-dye distance, (2) photon shot noise, (3) variation of the relative orientation of fluorophores due to helix flexibility and (4) variation of both fluorophore orientation and separation distance (Fig. 1) . If not otherwise stated, we assume that both dyes stack to the end base pairs of the DNA/RNA helix, with their planes perpendicular to the helix axis (Iqbal et al. 2008a, b; Norman et al. 2000) .
Contribution of DNA/RNA flexibilities to the FRET width distribution
The helix flexibilities that might contribute to the inter-dye distance could be resolved into bending flexibility, torsion rigidity and terminal base opening (base breathing). To estimate the variation of inter-dye distance due to helix bending flexibility, we assume that the DNA/RNA duplex behaves like B-form DNA with a persistence length, P 3D , of *150 bp (Hagerman 1988 Therefore, after expansion and leaving the major members we have
For L = 15 bp (0.1 of P 3D ) r R 2 ;3D is *0.02 9 L 2 . The dispersion of \R
2
[ can be translated into dispersion of E (using error propagation) leading to the following expression.
It means that for E = 0.58 r E is *0.015. The above considerations assume that the DNA/RNA duplex is diffusing in 3D space. However, there is a possibility that these molecules can interact with the charged surface of streptavidin (to which they are anchored via the biotinylated linker) leading to a two-dimensional (2D) configuration. Using the known expressions for \R 
In general, P 2D is twice P 3D , therefore r R 2 ;2D is smaller relative to r R 2 ;3D : However, adherence to a charged surface often results in a decrease in apparent persistence length (Podesta et al. 2005) , implying that r R 2 can be slightly larger (\0.02 for E = 0.58).
The modulation of inter-dye distance due to torsional flexibility of the helix can be calculated using the SD for the twist angle, r twist, of dsDNA, which is about 4°/bp on average (Crothers et al. 1992) . This means that the total angular displacement for the end base pairs is r tot ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðN À 1Þ p r twist ; i.e. *15°(or *0.26 radians) for a 15-mer duplex. The modulation of the rise associated with helix twisting is negligible (Crothers et al. 1992) , implying that the net modulation of inter-dye distance is hardly detectable for the dyes positioned close to the centre of helix axis.
For dyes positioned off the helix axis the inter-dye distance can be estimated using the following formula
where r is the inter-dye distance, N is the number of base pairs, H rise is the rise of DNA/RNA helix (H rise & 3.0 or 2.7 Å (Han et al. 2003) ) and u is the polar angle between donor and acceptor orientations. L 0 should be considered as the sum of the Cy3 and Cy5 rises (8 Å ; Iqbal et al. 2008a ) L D and L A can be considered as off-centre distances for donor and acceptor, respectively. Variation for r due to helix rotation leads to r r ¼ L D L A r j sin ujr tot : Assuming that L D and L A are less than 10 Å each, whereas r is *46 or 50 Å (14 9 2.7 Å ? 8 Å or 14 9 3.0 Å ? 8 Å ) we conclude that r r is \0.5 Å . Translating r r into r E using the formula
gives r E * 0.014-0.017. The opening of terminal base pairs or DNA breathing is characterized by the life-time (*20 ms) and apparent dissociation constant of the non-paired bases (Nonin et al. 1995) . The dissociation constant is close to unity for AT terminal base pairs (our case) and *0.015 for GC terminal base pair. The opening will lead to the displacement of end pairs and hence modulation of inter-dye distance either (1) due to concurrent displacement of the fluorophore which is stuck to the displaced base or (2) due to unstacking of the fluorophore. Lateral displacement of the terminal base (and stacked fluorophore) can be estimated as \5-7 Å . Using the above formula 12 and varying L D with r = 5 Å leads to r r *0.7 Å , or r E *0.019. When both dyes flip out with r = 5 Å each, r r is \1 Å corresponding to r E *0.027. The second case is considered in the last section.
Photon shot noise
Shot noise accounts for significant fluctuations of fluorescence signals at the single molecule level. To estimate its contribution to the experimentally extracted FRET width distribution, we modelled it following established procedures (Antonik et al. 2006; Gopich and Szabo 2005; Nir et al. 2006) . When the total number of photons detected in both donor and acceptor channels is small, i.e., corresponding to the 100 ms acquisition rate, the FRET histogram is broad (Fig. 4a) . The width (SD) of the corresponding Gaussian fit is *0.18, close to that found experimentally (*0.205), implying that photon shot noise is the dominant factor accounting for the FRET width distribution. Like the experimental data, the simulated FRET distribution goes beyond the theoretical limit of one due to a low signal-to-noise ratio and camera noise. For a larger number of photons (corresponding to the 900 ms acquisition rate), the FRET histogram is much narrower (Fig. 4b) . The width (SD) of the corresponding Gaussian fit is *0.065, which is significantly smaller that the width of the experimental distribution (*0.10, Fig. 3b) .
The absolute intensities of the donor and acceptor usually vary by *25% across the illumination area (*65 9 32 lM 2 ). For these reasons in our simulations we varied the total number of photons detected in both channels accordingly. This led to a very small shift of the mean of the FRET (\0.05). However, the width of the corresponding Gaussian fit varied notably either in the range 0.170-0.195 (corresponding to the 100 ms acquisition rate) or 0.055-0.075 (corresponding to the 900 ms acquisition rate). This means that the increment (square root of the difference of the dispersions) of the width of the FRET distribution due to all factors other than photon shot noise is 0.065-0.11 or 0.065-0.085 for 100 or 900 ms acquisition rates, respectively.
Modulation of orientation factor due to helix bending and twisting
The above calculations assume that the orientation factor is equal to 2/3, as if both fluorophores are free to move. However, bulk anisotropy measurements on the labeled duplex showed that anisotropy for Cy3 is *0.3, for Cy5 *0.25 (direct excitation) or *0.1 (via FRET) indicating that movement of either fluorophore is significantly hindered. Nevertheless, the relative orientation of the helix end-stacking fluorophores (and their transition moments) can be significantly modulated by helix bending and twisting.
To calculate the orientation factor for two fixed fluorophores, we followed a procedure described previously (Corry et al. 2006) . Recently, it has been shown that Cy3 and Cy5 fluorophores are fixed via stacking to the terminal base pairs of DNA/RNA duplex with their transition vectors perpendicular to the helix axis (Iqbal et al. 2008a, b) , forming a static angle u relative to each other. For Helix bending and twisting can be simulated by rotating the vector f A,0 around the axes z and y by angle a and s, corresponding to the helix bending and twisting, respectively (note that the scheme shown on Fig. 5 is not to scale as actually the angle a is very small). It means that the acceptor vector is equal to.
The vector r is the line connecting both vectors and is defined by the helix bend as. 
Therefore f D f A ¼ cos a cosðu þ sÞ; f D r ¼ À sinða=2Þ and f A r ¼ À sinða=2Þ cos a cosðu þ sÞ þ cosða=2Þ sin a cosðu þ sÞ ¼ sinða=2Þ cosðu þ sÞ . This means that j 2 is determined by the following expression.
The expression accounts for the orientation factor for values of a and s at any instant. To calculate its mean and dispersion we assume that both a and s are normally distributed around zero with SD equal to r a and r s , respectively (see supplementary material). r a and r s relate to the r bend and r twist as r a ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðN À 1Þ p r bend and r s ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðN À 1Þ p r twist ; where r bend and r twist stand for SD for the angles between adjacent base pairs, i.e., accounting for helix bending (*6.6°) and torsion (4°), respectively (Crothers et al. 1992; Schellman 1974) . This permits calculation of the mean and the dispersion of the orientation factor depending on the static angle between fluorophores which are shown on Fig. 6 . Note that for u= 0°and u= 90°j 2 is not equal to unity or zero due to thermal fluctuations of the helix. Analysis of twisting and bending contributions to the SD of j 2 shows that the twist of the double helix has a major contribution ranging from *55 to *90% when the u angle goes from 0°to 90°(for the given arrangements of fluorophores). The SD of j 2 is [0.09 and reaches its maximum of *0.26 for u angles close to 45°.
The FRET efficiency for any instant value of j 2 can be calculated using the following expression (see supplementary information).
This allows calculation of the mean of FRET and its dispersion (for any angle u). Since two different structures were reported for DNA/RNA helices with rises equal to 2.7 , we calculated the mean FRET and its SD for both cases (Fig. 7) . FRET efficiency shows a monotonous decrease from *0.73-0.81 to 0.13-0.18 when the angle between fluorophores increases from zero to 90°. Likewise, \E[is not equal to zero for u = 90°due to thermal fluctuations of the helix. In contrast, the SD exhibits a bell-shaped profile with a maximum close to either *0.23 (rise = 2.7 Å ) or *0.20 (rise = 3.0 Å ). For our case (E = 0.58, Förster distance = 55 Å ), the SD is either *0.12 (rise = 3.0 Å ) or *0.18 (rise = 2.7 Å ), implying that the static angle between the fluorophores is *42°or *53°, respectively.
FRET efficiency for the case when one fluorophore is stacked at the helix end and the second is unconstrained Finally, we analyzed the possibility that a fluorophore might dissociate from the terminal base pair (either spontaneously or due to breathing of terminal bases). An analysis of Cy3 conjugated to a DNA duplex has suggested the presence of a species with an unstacked fluorophore either in *12% (Sanborn et al. 2007 ) or *17% (Iqbal et al. 2008a ) of molecules. With a DNA/RNA duplex the fraction of unstacked Cy3 is less (*6% Iqbal et al. 2008a) .
Assuming that Cy5 behaves like the chemically similar Cy3, the total faction of the molecules with one unstacked fluorophore can be estimated as 12 (Iqbal et al. 2008a )-20%. The chances that both fluorophores are unstacked are \1% implying that the contribution of these molecules to the modulation of FRET efficiency distribution will be barely detectable. We analyzed two extreme possibilities:
(1) either the orientation of the unstacked fluorophore (and its dipole moment) is coupled to the orientation of the linker or (2) the unstacked fluorophore is not restricted in its motion, which is much faster relative to the movement of the linker.
Using these simple models, we estimated the mean of energy transfer and its dispersion for both cases (see supplementary material). According to the model (1) FRET efficiency is in the range *0.36-0.40 with SD *0.36-0.38 (linker length = 18 Å , helix rise = 2.7 or 3.0 Å , fluorophore rise = 4 Å , Förster distance = 55 Å ). Model (2) predicts larger values for FRET (*0.56-0.67) but its SD is smaller (*0.20-0.21). Both models predict a weak dependence for the mean (\0.04) and SD (*0.02) on the linker length in the range 15-20 Å . However, analysis of FRET distributions using Gaussian fitting show that these modulations would be barely discernible due to the small fraction of the molecules exhibiting alternative FRET signals. In the ultimate case, the mean of the corresponding Gaussian fit is shifted by \2% relative to the main peak, whereas its SD may be increased \9% (not shown).
The above calculations assume that the quantum yield of the released fluorophore remains unchanged, implying also persistence of the Förster distance (55 Å ). However, recently, it was shown that the quantum yield of free Cy3 is *0.09 and can be 0.39 when attached to a single-stranded DNA, or 0.16 when attached to a double-stranded DNA (Sanborn et al. 2007 ). These modulations of the quantum yield inevitably affect the Förster distance (Sanborn et al. 2007 ) and hence inter-dye separation according to the formula 1. The corresponding calculations show noticeable modulations of the mean FRET efficiency (up to plus or minus 0.1 for either model mentioned above) with small modulations (\0.05) of SD in the corresponding Gaussian fit. But still, in view of the small fraction of the molecules with one unstacked fluorophore, these modulations would be barely detected by the analysis of FRET distribution histograms.
Discussion
Single molecule experiments provide reliable tools for measuring FRET signals occurring between two fluorophores, i.e., Cy3 and Cy5, attached to the opposite ends of a DNA/RNA duplex. The result of the experiment is a FRET histogram, extracted from the time series measurements, which can be analyzed using Gaussian fitting. The mean of the fit provides an estimate of the FRET efficiency, implying that this parameter has a very weak dependence on the data collection regime and intrinsic dynamics of the molecules. In contrast, the apparent width of the distribution, e.g., SD of the fit, is variable depending on the acquisition rate, dynamics of the molecules and photophysics of the FRET. Our data show that both the acquisition rate and dynamics of the DNA/RNA helix lead to a broadening of the FRET distribution, though to different extents. Experimental conditions (manifested mainly through the photon shot noise) are variable and their contributions can be significant (SD up to *0.19 vs. experimental SD *0.205 or SD up to 0.085 vs. *0.10). It is clear that the contribution of the photon shot noise can be diminished by extending the acquisition time, i.e., by increasing the number of collected photons, but there are limits imposed by the fluorophores' bleaching time. The increment in the width of FRET distribution beyond the level that is governed by the photon shot noise is very similar for both acquisition times used and is in the range 0.065-0.11 (100 ms acquisition rate) or 0.065-0.085 (900 ms acquisition rate), implying that this increment is most probably determined by the structural fluctuations of the helix.
Structural fluctuations of the helix are intrinsic to it and cannot be modified by changing experimental conditions (at least on a time scale used for acquisition, which is much slower relative to any motions of a 15-mer duplex). Angular fluctuations of the dipole moments of the fluorophores account for SD close to *0.12 (DNA/RNA helix rise = 3.0 Å ) or *0.18 (rise = 2.7 Å ) as calculated for E = 0.58 and compatible with the increment of FRET width distribution. There are other factors potentially contributing to the width of a FRET distribution. For instance, recent data show that transition of an acceptor to a triplet state may also lead to a broadening of FRET distribution, although the extent of the effect has not been quantified (Vogelsang et al. 2007 ). Fluctuations of interdye distance account for no more than 0.03. Taken together, we infer that angular fluctuations of the dipole moments of the fluorophores play a dominant role in determining the width of the FRET distribution, whereas fluctuations of inter-dye distance play a minor role. Hence, a simple translation of FRET width distribution into variation of inter-dye distance is likely to be erroneous.
Note that relative contribution of inter-dye distance fluctuations and angular fluctuations of dipole moments may vary depending on the way in which the dyes are attached to the helix. For instance, unstacking of one fluorophore may result in a very broad FRET distribution characterized by its SD up to 0.36-0.38 for the linker length of 18 Å (see supplementary information). In addition, helix bending and twisting may also contribute differently to FRET distribution. Our calculations show that twisting contribution to the angular fluctuations ranges from 55 to 90% for the case when both fluorophores are stacked on the helix ends. However, it is clear that the attachment of the fluorophores to the helix surface would result in a major contribution from helix bending.
According to our calculations, the static angle between the two fluorophores should be close to *42°or *53° (  Fig. 7) depending on the structure of DNA/RNA helix. These data are corroborated by the steady-state measurements of Cy5 anisotropy through FRET which is close to * 0.10. It is known that anisotropy is related to the transfer angle between donor emission and acceptor absorption as (assuming that the transfer time is much smaller than the time needed for reorientation of dipole moments due to helix twisting) as Simple calculations show that angle u should be close to *45°. In support of our conjecture calculations of the angle between transition dipole moments of the Cy3 and Cy5 fluorophores stacked to the ends of DNA/RNA duplex show that this is close to *500°-508°(sum of Cy3 and Cy5 rotations relative to the end base pairs is equal to 62°, Iqbal et al. 2008a , helical twist is equal either 31.3°or 31.9°, Han et al. 2003) or, equivalently, to *31°-40°. We note that these data corroborate the assumption about stacking of Cy3 and Cy5 fluorophores to the ends of DNA/ RNA helix which are not impaired by the nature of the linkers used. Our calculations of the average values for energy transfer (see supplementary information) presume that the experimental data also represent averaged values and therefore can be compared with each other. In support of our conjecture, first we note that the acquisition rate was always in the millisecond range. Second, changes in the orientation dipole (if free) are usually in the subnanosecond range. The rotational diffusion coefficient of the free 15-mer DNA duplex is *20 9 10 6 s -1 (Eimer and Pecora 1991); a DNA/RNA duplex of similar length is unlikely to be very different. The rotational diffusion coefficient of a spacer of *18 Å in length used for anchoring the duplex to streptavidin should be faster but its motion may be restricted by interactions of the duplex with the protein surface. Data about the collective motion of DNA/RNA helical domains arising from structural fluctuations of the duplex (bending and twisting) are almost non-existent in the literature, especially for short duplexes. However, it can be inferred that these motions mainly cover the range from tens of nanosecond to tens of microseconds (Hogan et al. 1982; Naimushin et al. 2000; Orden and Jung 2008; Porschke 2007; Schwieters and Clore 2007; Shajani and Varani 2007) , although motions in the range 20-400 ls have been reported (Kojima et al. 2001) . Together, these considerations indicate that in most cases, energy transfer captures a transient ''static'' configuration of the duplex, whereas the slow acquisition rate allows the DNA/RNA duplex and associated fluorophores to adopt all possible configurations within the experimental period used for data acquisition.
